We demonstrate in this article the first surface modification of cellulose nanocrystals (CNCs) with quaternary ammonium-containing ionomers by ionic binding of their positively charged ammonium ions onto the negatively charged surface of CNCs. A range of hyperbranched polyethylene ionomers (I1-I6) having different ionic content (0.2-2.3 mol%) has been designed and employed for this purpose. The simple dropwise addition and mixing of the aqueous dispersion of CNCs with the ionomer solution in tetrahydrofuran (THF) conveniently renders the ionomer-modified CNCs (mCNC1-mCNC6). The presence of adsorbed ionomers on the modified CNCs is confirmed with spectroscopic and x-ray diffraction evidence, and quantified through thermogravimetric analysis. The effects of the ionomer to CNC feed mass ratio and the ionomers of different ionic content on the modification have been examined. A study on the morphology of the modified CNCs by atomic force microscopy discloses the occurrence of side-to-side and/or end-to-end assembly of the CNC rods due to the "cross-linking" or bridging effects of the multidentate ionomers.
 Introduction
Cellulose nanocrystals (CNCs) extracted from abundant and renewable biosources have been receiving extensive attention. [1] [2] [3] [4] [5] [6] Having a rod-like shape with generally a diameter between 5
and 15 nm and a length between 100 and 300 nm, CNCs have high elastic moduli (over 100 GPa), high specific surface area (several hundred m 2 /g), and a reactive surface while being low density. 7 As such, they have been widely investigated, since the first demonstration in 1995, 8 as the reinforcing bionanofillers for the construction of polymer nanocomposites with significantly enhanced mechanical properties. [9] [10] [11] CNCs are generally produced as stable aqueous dispersions often by sulfuric acid hydrolysis of cellulose fibers. Their surface is highly polar and negatively charged due to the presence of sulfate groups resulting from sulfuric acid hydrolysis. [1] [2] [3] [4] [5] [6] Most applications of CNCs have thus focused on the aqueous systems by mixing aqueous CNC dispersions with various compatible water-soluble or water-dispersible components (such as water-soluble monomers and polymers, [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] water-dispersible nanoparticles [22] [23] [24] and latexes, [25] [26] [27] [28] [29] etc.) to obtain functional composite materials. In particular, water-soluble hydrophilic polymers or water-dispersible latexes, including poly(vinyl alcohol), 17, 18 poly(ethylene oxide), 19, 20 poly(furfuryl alcohol), 21 latexes of poly(styrene-co-butyl acrylate), poly(styrene-co-butadiene), and polybutadiene, [26] [27] [28] [29] etc., have been employed as the compatible polymer matrices for the construction of CNC-reinforced polymer nanocomposites by solution mixing. CNCs can be well dispersed in these polar polymer matrices, which maximizes the reinforcement. However, without proper surface modification, the dispersion of CNCs in nonpolar solvents or hydrophobic polymers, such as polyolefins which are produced in the largest volume, are poor. [1] [2] [3] [4] [5] [9] [10] [11] 30, 31 To broaden their application scope, surface modification of CNCs through both covalent and noncovalent approaches has been attempted to modify their surface properties so as to render their dispersibility in organic solvents (particularly, nonpolar and low-polarity solvents) and hydrophobic polymer matrices. [1] [2] [3] [4] [5] [9] [10] [11] 30, 31 In the covalent approaches, desired organic groups are directly attached onto the surface of CNCs through the hydroxyl groups present on their surface. Various polymers have also been covalently grafted onto the surface of CNCs through both graft-from [32] [33] [34] and graft-to strategies. [35] [36] [37] Though highly effective, these covalent surface modification methods often involve tedious and delicate reaction/polymerization chemistry and are inconvenient. In the noncovalent approaches,
CNCs are often modified with surfactants through their adsorption via noncovalent electrostatic attraction, hydrophilic affinity, hydrogen bonding, or van der Waals interactions. 30, 31 Thus far, various surfactants (anionic, cationic, and nonionic), 32, [38] [39] [40] [41] [42] [43] [44] as well as specifically designed block polymers, 25, 45 have been employed, rendering the modified CNCs with good dispersibility in desired nonpolar organic solvent or polymer matrices.
Relative to covalent ones, these noncovalent approaches are more convenient and easier to implement. However, the amount of surfactant required to cover CNCs is often high, along with the highly possible desorption of the adsorbed surfactant given the involvement of only weak monodentate noncovalent interactions, which could undermine the properties of the resulting composites. 11, 40 In this paper, we demonstrate the convenient noncovalent surface modification of CNCs with the use of a new range of quaternary ammonium-containing hyperbranched polyethylene ionomers. Ionomers are polymers containing a small fraction of ionic functional groups (typically less than 10 mol%) that are covalently bonded to the polymer backbone as pendant groups. Designed with positively charged quaternary ammonium ions tethered onto the nonpolar hyperbranched polyethylene skeleton, these ionomers have been found to bind to the negatively charged surface of CNCs through multidentate ionic interactions, rendering 
Synthesis of Hyperbranched Polyethylene Ionomers
The hyperbranched polyethylene ionomers (I1-I6) were synthesized by direct copolymerization of ethylene with ionic liquid comonomer AETMA + BF4 -by following the procedure reported in our earlier paper. 49 The polymerization reactions were all carried out in a 50 mL Schlenk flask equipped with a magnetic stirrer. The flask sealed with a rubber septum was first flame-dried under vacuum. After being cooled down to room temperature, the reactor was purged with ethylene for at least three times, and then filled with ethylene to 1 atm (absolute pressure). A solution of the ionic liquid comonomer (0.245-2.45 g in 5 mL of dry acetone) was then injected into the reactor. Subsequently, the polymerization was started upon the injection of the Pd-diimine catalyst solution (0.08 g, 0.1 mmol in 5 mL of dry acetone). During the polymerization, ethylene pressure was maintained constant by continuous feed from a cylinder and the polymerization temperature was maintained at room temperature with a water bath. After 24 h, the polymerization was stopped by shutting down the ethylene supply and venting the reactor. The black product containing Pd(0) particles resulting from the decomposition of the Pd-diimine catalyst was precipitated out with a large amount of methanol. The precipitate was redissolved in a small amount of THF for multiple washings with methanol. The polymer precipitate was purified to remove Pd black (see our earlier paper 49 ) and then dried under vacuum at room temperature, rendering ionomers. As per 1 H NMR spectroscopy, the resulting ionomers (I1-I6) contain quaternary ammonium ion content of 0.2, 0.4, 0.7, 1.1, 1.5, and 2.3 mol%, respectively.
Preparation of Ionomer-Modified CNCs
Typically, the hyperbranched polyethylene ionomer (5-40 mg) was dissolved in THF (40 mL).
Under ultrasonication, the aqueous CNC dispersion (10 mg in 0.5 mL) was added dropwise into the ionomer solution. The resulting dispersion was further ultrasonicated for ca. 15 min and was then vacuum-filtered on a PTFE membrane (0.22 µm pore size). The filter cake was thoroughly washed with fresh THF, then dried under vacuum at ca. 50 ºC to render the modified CNCs.
Preparation of CTAB-Modified CNCs
CTAB-modified CNCs were prepared by following a literature procedure 44 with minor modifications. The original CNC aqueous dispersion was diluted to a concentration of 5 mg mL -1 , with the adjustment of its pH to 10 by the addition of a NaOH solution. Subsequently, the CNC dispersion (120 mL) was added dropwise into an aqueous CTAB solution (120 mL at 5 mg mL -1 ) at 60 ºC under vigorous stirring. The mixture was continuously stirred at 60 ºC for 3 h, and then stirred overnight at room temperature. Afterwards, unbound CTAB was removed by dialysis with about 20 water changes. Freeze-drying of the resulting dispersion rendered the CTAB-modified CNCs (610 mg), termed as CTAB-CNC. The CTAB content in CTAB-CNC was 15 wt% (as per thermogravimetric analysis).
Preparation of EOC Composites
The EOC composites were prepared by a solution compounding method. A prescribed quantity of modified CNCs (equivalent to 10 wt% of neat CNCs in composites) was dispersed at 10 mg mL -1 in toluene by ultrasonication for 24 h. In the case with original unmodified CNCs, freeze-dried CNCs were dispersed in THF at 10 mg mL -1 . The dispersion was added dropwise into a toluene solution of EOC (50 mg mL -1 ) within 1 h under magnetic stirring. The mixture was continuously stirred for 3 h before precipitation in a large amount of methanol. The precipitate was dried at 120 ºC in a vacuum oven for 24 h. Rheological characterizations of EOC and its various composites were performed on the same instrument with a 20 mm parallel plate geometry at a gap of 1 mm. The measurements were all carried out in the small amplitude dynamic oscillation mode at the strain of 0.1% within a frequency range of 0.01−100 Hz at 190 ºC. The temperature was maintained within ± 0.1 ºC with the electrically heated plate system and the measurements were done under N2
Characterizations and Measurements
protection. Rheology sample discs were prepared by compression molding in a Carver press at approximately 135 ºC for 1 min.
Tensile properties of nanocomposites were examined using an Instron 5943 universal tester equipped with a 1 KN load cell. All experiments were carried out with a crosshead speed of 500 mm min -1 . Type VI (ASTM D638) dog-bone shaped samples were cut from a sheet with an average thickness of 2.7 mm with a die. The sheets were prepared by compression molding in a Carver press at approximately 135 ºC for 1 min. Three repeat trials were performed for most specimens with two repeats for composites made in lower quantity and the average is reported.
 Results and Discussion

Synthesis of Hyperbranched Polyethylene Ionomers
The hyperbranched polyethylene ionomers (I1-I6) containing the tetralkylammonium ions at different content were synthesized herein by Pd-diimine-catalyzed direct copolymerization of ethylene with AETMA + BF4 -as the ionic liquid comonomer (see Scheme 1). Our group recently discovered this direct copolymerization strategy for convenient synthesis of quaternary ammonium-containing polyethylene ionomers and elucidated the structures and physical properties of these ionomers. 49 Table S1 in the Supporting Information summarizes the copolymerization conditions and detailed characterization results (including composition, branching structure, molecular weight, and dilute solution properties) of the ionomers. Figure   S1 in the Supporting Information shows their 1 H NMR spectra, which confirm their possession of the covalently tethered quaternary ammonium ions and the highly branched polyethylene skeleton. Changing the feed concentration of AETMA + BF4 -in the polymerization allows the convenient tuning of its content (i.e., quaternary ammonium content; 0.2， 0.4， 0.7， 1.1， 1.5， and 2.3 mol% for I1-I6, respectively; see Table S1) in the ionomers. 49 In consequence, the average molecular weight (see Table S1 ) of the ionomers generally decreases with the increase of the quaternary ammonium content. 49 The quaternary ammonium ions are randomly distributed in the ionomer chains given the statistical Pd-diimine-catalyzed ethylene-acrylate copolymerization mechanism, 50,51 with each ionomer chain containing multiple ions on average. As per their low intrinsic viscosity (see Table S1 ), the polyethylene skeleton of these ionomers features a spherical dendrimer-like, highly compact hyperbranched chain architecture, resulting from the well-known chain walking mechanism of the Pd-diimine catalyst. 50, 51 This hyperbranched architecture is beneficial since it completely disrupts the formation of polyethylene crystals and thus renders the ionomers with good dispersibility/solubility in nonpolar/low-polarity solvents (such as THF, toluene, chloroform, etc.), which facilitates the subsequent surface modification of CNCs through solution mixing. In the solvents, the ionomers form 3-dimensional physical cross-linking networks due to the aggregation of the quaternary ammonium ions. 49 With the other ionomers, the (mionomer/mCNC)0 ratio was set at 2 to investigate the effect of ionic content of the ionomer on the modification. The resulting modified ionomers are termed as mCNC# (i.e., mCNC1 to mCNC6) with the number denoting the corresponding ionomers (I1, I2, I4 to I6), or mCNC3-# (i.e., mCNC3-1 to mCNC3-4) for those modified with I3 at different (mionomer/mCNC)0 ratios. Table 1 summarizes the characterization of these modified CNCs. e Z-average hydrodynamic particle size (dp), polydispersity index (PDI) for size distribution, and  potential determined by DLS from dilute dispersions in water (for original unmodified CNCs) or THF (for ionomer-modified CNCs).
TGA characterization was performed on the modified CNCs to evaluate their thermal behavior and quantify their ionomer content. Figure 2a shows the TGA curves of the I3-modified CNCs obtained at various (mionomer/mCNC)0 ratios, along with those of I3 and dried unmodified CNCs for comparison. I3 starts decomposition at around 350 ºC with the nearly complete weight loss at 500 ºC (char yield of 0.5% at 500 ºC). Nearly identical TGA curves were observed with the other ionomers. Dried unmodified CNCs start decomposition at about 220 ºC and exhibit a drastic 63% weight loss within 220-330 ºC followed with a gradual weight loss upon the further temperature increase (with an additional weight loss of 16% within 320-500 ºC), which is typical of sulfonated CNCs. 52, 53 All the I3-modified CNCs exhibit a well-separated two-step weight loss, with the first step within 220-330 ºC (∆W1) attributable solely to the decomposition of CNCs and the second step within 330-500 ºC (∆W2) resulting from the degradation of both CNCs and the ionomer. The mass content of the ionomer in the modified CNCs has thus been quantified from ∆W1 and are summarized in Table 1 . In addition, the ionomer modification is found to slightly improve the thermal stability of CNCs. Except mCNC1 and mCNC2, the peak CNC-decomposition temperature of most modified CNCs (Td,max, see Table 1 ) in the first step is generally slightly higher (314−326 ºC) than that of dried unmodified CNCs (311 ºC). With the mCNC3 set of modified samples 54 I3 shows a broad diffraction peak centered at 18.3º within the 2θ range, which is the typical amorphous polymer peak found with this range of polyethylene-based ionomers. 49 The diffraction pattern of mCNC3-4 is superimposed by the peaks of both the original CNCs and the ionomer. The characteristic cellulose I diffraction peaks are well retained, confirming as expected that the CNC structures remain intact during this physical surface modification process. 
Dilute Dispersions of Modified CNCs in Organic Solvents
Except for mCNC1 and mCNC3-1 due to insufficient ionomer coating, the dried modified CNC powders were found to be dispersible, upon sonication, in nonpolar or low-polarity organic solvents such as toluene, chloroform, and THF at dilute concentrations (around 10 mg mL -1 ). The dispersions were found stable after ultrasonication for days while freeze-dried unmodified CNCs precipitated out nearly immediately following ultrasonication. However, they were not dispersible in water or high-polarity organic solvents (such as methanol, acetone, etc.) where the hyperbranched polyethylene ionomers themselves cannot disperse/dissolve, confirming the hydrophobic nature of the modified CNCs. Clearly, the dispersibility in these organic solvents can be attributed to the adsorbed ionomers. On the contrary, the large aggregates obtained in the control experiment by dropping the CNC into pure THF without containing ionomers could not disperse THF at all due to the absence of ionomer coating.
DLS measurements were carried out on the dilute dispersions of various modified CNCs in THF to determine their Z-average hydrodynamic size (dp), polydispersity index (PDI) of size distribution, and  potential. In particular, the data are listed in Table 1 . Relative to those of the original CNCs in water (dp = 91 nm; PDI = 0.3), all the modified CNCs show much greater dp values (generally within 255-552 nm) and broader distribution (PDI in the range of 0.34-0.56). The higher particle sizes suggest the presence of CNC aggregates as a result of the "cross-linking" effect of the multidentate ionomers. This is further confirmed with the AFM images shown below. The ionomer modification also dramatically changes the  potential of the particles. Relative to the negative  potential of -27 mV of original CNCs, the set of modified CNC samples (mCNC2, mCNC3-3, mCNC4, mCNC5, and mCNC6) electron microscopy, such a rod-like shape is typical of unmodified CNCs under AFM imaging due to the tip-broadening effect. 55 As such, the reported shape width data were all obtained from the AFM height profiles. 55 The ionomer modification dramatically changes the particle morphology by inducing the self-assembled aggregations of individual CNC rods and the rod aggregates (see Scheme 1) due to the "cross-linking" or "bridging" effect of the ionomers. The multidentate nature of the ionomers enables the binding of the different quaternary ammonium cations present in the same ionomer chain onto different CNC particles, causing the assembly. Meanwhile, the ionic aggregation ubiquitous in ionomers can also make a contribution through the ionic interactions of quaternary ammonium ions present in ionomer chains adsorbed on different CNC particles. In mCNC2, mCNC3-3, and mCNC4, shapes appearing as bundles of CNCs formed through random side-to-side aggregation are extensively present (see Figure 4b -d). In these samples, the average shape length is 170 ± 33, 161 ± 28, and 403 ± 121 nm, respectively; the average width is 9 ± 2, 12 ± 4, and 19 ± 8 nm, respectively. Given the significantly greater shape length and width, the side-to-side aggregation is much more pronounced in mCNC4 than in mCNC2 and mCNC3-3, which is reasoned to result from the higher quaternary ammonium content in the enabling ionomer I4. More interestingly, two unique types of shapes with significantly larger dimensions are observed in mCNC6. Figure 4e shows a high-aspect-ratio, needle-like shape extensively present in mCNC6, which has a large average length of 1. CNCs. 56 Figure 4f shows another sheet-like shape also extensively present in mCNC6, which is featured with a dimension of (320 ± 35) nm  (235 ± 38) nm, with a thickness of 10 ± 2 nm.
This latter shape has not been previously reported for any modified CNCs. Herein, it was only observed in mCNC6 while not in the other modified CNCs. We expect its formation should involve highly ordered side-to-side assembly of the CNC rods. The formation of the two curious types of shapes in mCNC6 is puzzling and suggests future investigation. Given their sole presence in mCNC6, the ionic content of the enabling ionomers clearly plays a significant role in the self-assembly of the modified CNC rods to render the different shapes.
On the contrary, the control sample obtained by dropping the neat CNC into pure THF without containing ionomers shows large irregular random aggregates (see Figure S3) . A surfactant CTAB-modified CNC sample (CTAB-CNC) was also prepared as another control sample. It also shows dispersibility in THF. Like the ionomer-modified CNCs, its AFM images ( Figure S3 ) also show the presence of aggregates.
A representative AFM image taken on mCNC4 (Figure 5a ) also provides some visual evidence confirming the presence of the ionomer coating around the shapes. In the image, every shape appears to be surrounded with a coating layer at the edge, which shows different phase compared to the surrounded area. Figure 5b shows the height profiles for two shapes denoted in Figure 5a , which show the presence of the settled coating layer at a height of around 2.1-3.4 nm. We have also found that the organo-gels only form in THF, while not in other solvents (toluene, chloroform, and chlorobenzene were examined). In these latter solvents, the dispersions, despite at high concentrations (75 mg mL -1 ), remained as isotropic flowable fluids even after long standing. This indicates the critical role of THF in facilitating the formation of the gel network structure in these dispersions. Clearly, the solvent-particle interactions contribute significantly to the gel formation. However, the precise mechanism for the formation of organo-gels in THF is not known at the moment and will require further investigation.
Thixotropic Behavior of Dispersions of Modified CNCs in THF
Rheological characterization of the dispersions with mCNC4 concentration within 40-75 mg mL -1 was undertaken by both small amplitude dynamic oscillation and steady shear measurements at 10 ºC. shown above, both dispersions of mCNC3-3 and mCNC6 behave as stiff gel at the low strain of 0.01% and turn into flowable fluids at the high strain of 100%. From Figure S4 (b), G' of the organo-gels increases in the order of mCNC3-3 < mCNC4 < mCNC6, indicating the stronger inter-particle interactions with the increase of ionic content of the adsorbed ionomer in the modified CNCs. Figure S5 compares the viscosity-shear rate curves obtained from the steady shear measurements on the dispersions of mCNC3-3, mCNC4, and mCNC6. The thixotropic hysteresis loops become bigger by following the same order of mCNC3-3 < mCNC4 < mCNC6. These differences likely result from the increasing surface charge and shape aspect ratio in the set of modified CNCs.
EOC Composites with Modified CNCs as Reinforcing Fillers
The range of ionomer-modified CNCs was further investigated for their dispersion quality and reinforcing performance as fillers in a commercial EOC elastomer as the polymer matrix.
Several grades of polyolefins (polyethylenes and polypropylenes) have been previously employed as the polymer matrices for the construction of CNC-filled composites, 32,71-77 but not ethylene-based elastomers. The EOC is chosen here because it should have good compatibility with the highly branched polyethylene skeleton in the ionomers given their structural similarity with high branching density (estimated at ca. 56 branches per 1000 carbons for EOC). 78 Composites were prepared with selected modified CNCs, including mCNC2, mCNC3-3, mCNC4, and mCNC5, at the targeted dry CNC loading of 10 wt% by the solution compounding method. In addition, composites were also prepared with dried unmodified CNCs and surfactant modified CNCs (CTAB-CNC), respectively, as fillers at the same dry CNC loading of 10 wt% for comparison. All resulting composites are named as filler/EOC (see Table 2 ).
TGA characterization of the composites was conducted. Figure S6 shows their TGA curves and the TGA results are summarized in Table 2 . All the composites show a two-step weight loss. For those compounded with ionomer-modified CNCs and unmodified CNCs, the first-step weight loss occurs between 250 and 320 ºC, which is attributed to the decomposition of CNCs. For that compounded with CTAB-CNC, the first-step weight loss starts much earlier at ca. 200 ºC and is much broader (200-330 ºC), which is attributed to the decomposition/volatilization of both CNCs and the adsorbed CTAB. Td,max of the first step is appreciably higher in the composites compounded with ionomer-modified CNCs (286-308 ºC) than with unmodified CNCs (282 ºC) and CTAB-CNC (284 ºC), confirming again the relatively higher thermal stability of the ionomer-modified CNCs. Attributed primarily to the decomposition of EOC, the second-step weight loss occurs within 350-500 ºC for all the composites. In good agreement with the targeted value of 10 wt%, the mass content of dry CNCs in all composites was quantified, from the first-step TGA weight loss, to be about 10-11 wt%.
DSC characterization was carried out to investigate the effects of the various fillers on the crystallization of the polymer matrix. Figure S7 shows the DSC crystallization exotherms of the various composites, along with that of neat EOC. The DSC results are also summarized in Table 2 . CNCs and CTAB-CNC and can serve as nucleation agents facilitating the heterogeneous crystallization process. 79 It is known that the better dispersion of fillers helps increase the matrix-filler contact surface area and their interactions, rendering increased Tc,onset and reduced ∆Hc. d Crystallization onset temperature (Tc,onset), crystallization temperature (Tc), and crystallization heat (∆Hc) measured during the cooling step at rate of 10 ºC/min.
e Maximum tensile strength (σmax), elongation at break (εmax), and Young's modulus determined during tensile tests at 500 mm min -1 .
The composites, along with neat EOC, were characterized by small amplitude dynamic oscillation at 190 ºC to study the effects of various fillers on linear melt viscoelastic properties of the samples. Figure 9a The tensile mechanical properties of the various composites were characterized. The results are summarized in Table 2 . Figure 10 compares the Young's modulus and elongation at break data of the various composites and neat EOC. It is known that the inclusion of fillers in a polymer matrix has a reinforcing and stiffening effect, which is usually counteracted by a significant loss in ductility. 78, 80 While increases in the moduli of polymer matrices are generally expected upon addition of reinforcing fillers, this reinforcement effect in polymer composites is typically accompanied by a significant reduction in elongation at break because of the presence of large aggregates that create weak spots. 78 These effects have also been observed with various CNC-filled polyolefin composites in earlier studies. 32, 71, 73, 74, 76, 77 Herein, upon the addition of the various CNC fillers, the modulus is nearly doubled (from 4. 
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